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INTRODUCTION 

It is well known that artificial plasma clouds injected into the 

ionosphere develop large scale visible striations on a time scale of 

minutes to hours depending on ambient conditions.  At late times, these 

striations (fingers) are nearly uniform parallel to the earth's magnetic 

field but are highly structured perpendicular to the field.  Many 

features of striation development can be explained by applying [Linson 

and Workman, 1970; Perkins, et al., 1973] the EXB gradient drift insta- 

bility [Simon, 1963]  to plasma cloud geometries.  As demonstrated by 

recent experiments conducted by the Defense Nuclear Agency (DNA) in the 

STRESS (Satellite Transmission Effects Simulations) program significant 

scintillation in signal phase and amplitude can occur for line-of-sight 

propagation through this structured region [Prettie et al., 1977] , 

A direct input into propagation studies through plasma cloud striated 

environments is the spatial power spectrum of the striations or distri- 

bution of striation scale sizes.  Experimental [Baker and Ulwick, 1978; 

Kelley et al., 1979] and theoretical studies [Scannapieco et al., 1976; 

Chaturvedi and Ossakow, 1979] have indicated that the power spectra of 

striated plasma clouds follow a power law a k  , n ~ 2-3 for scale sizes 

2n/k in the range of 0.05 to 100km.  Several years ago Rufenach [1974] 

showed that naturally occurring density irregularities in the F region 

ionosphere should be described by a power law with a large outer scale 

dimension (~ 100 km).  However, to date, there has been no quantitative 

experimental or theoretical study of the outer scale size of plasma 

cloud striations. 

Note:   Manuscript submitted October 5, 1979. 



The purpose of the present work is to determine the outer scale 

size of striated ionospheric plasma clouds through direct numerical 

solution of the fundamental fluid equations which model the ExB gradient 

drift instability.  The results to be presented extend previous numeri- 

cal simulations [Scannapieco et al., 1976] and are consistent with 

recent experimental data [Baker and Ulwick, 1978; Kelley et al., 1979]. 

MODEL EQUATIONS 

We wish to compute the outer scale size of large ionospheric plasma 

clouds at altitudes such that the electron and ion collision frequencies 

are small compared to their gyrofrequencies (F region).  In particular, 

the following analysis could apply to large barium clouds released at 

altitudes greater than approximately 200 km.  The restriction to large 

clouds (large integrated Pedersen conductivity compared with that of the 

background ionosphere) allows the neglect of the cloud interaction with 

the background ionosphere (second level) and simplifies considerably the 

analytical and numerical analysis of cloud evolution.  For wavelengths 

much greater than the ion gyroradius (~ 10 meters for Ba in twlight F 

region) fluid equations can be used which for large clouds have been 

given many times [Volk and Haerendel, 1971; Perkins et al., 1973; 

Zabusky et al. , 1973; Ossakow et al., 1975; McDonald et al., 1978]. 

By adopting a Cartesian coordinate system (x, y, z) with magnetic 

field Bz^ ambient electric field E y, assuming all variables are inde- 

pendent of z, and ignoring to lowest order electron and ion inertia, we 

can write, after transforming to a frame moving with the ambient plasma 



drift V0=(cE0/$c 

j| + ^zxVy-VZ  =  0 (1) 

V-EVcp = E     •   VE (2) 

where E is the magnetic field line integrated Pedersen conductivity at 

the cloud level, B is the magnetic field, jz = B/ | B | , Vcp =-E(x,y) - E y 

where E is the ambient applied perpendicular electric field.  All 

other symbols retain their conventional meaning. 

Linearizing equations (1) and (2) and assuming fluctuations 6£j6cp 

of the form exp[i(k y+k x) + y.   t] It can easily be shown that the usual 

gradient drift (ExB)  instability growth rate is y,   = (cE /BL) (Js. /k) 

where k2 = k 2 + k 2 and L 1 = SMln/Bx.  Note that this model predicts 
x    y u 

no preferred scale size and all modes with fijed k /k have the same 
y 

growth rate. 

As has been previously shown [McDonald et al., 1978] eq. (1) and 

(2) can be put into dimensionless form by normalizing x = (x,y),t,E,V, 

cpbyL,L/V,E,V,LE, respectively, giving 
o  o  o  o  o  o o 

|| + ixVcp-VE = 0 (3,) 

V«EVcp = 9E/3y (4) 



where L is an arbitrary length scale and all quantities in (3) and (4) 

are understood to be dimensionless. 

NUMERICAL SIMULATIONS 

Equations (3) and (A) were solved numerically over a mesh of 258 

grid points in the x-direction (the E x _B direction) and 102 points in 

the y-direction.  Using a constant grid spacing of 310 m, the real space 

dimensions of the mesh were 80 km along x and 31 km along y.  The cloud 

integrated Pedersen conductivity E in equation (3) was advanced in time 

using a multidimensional flux-corrected variable time step leapfrog- 

trapezoid scheme [Zalesak, 1979] which is second order in time and fourth 

order in space.  At each timestep, the self-consistent cloud potential 

cp was found from equation (4) using a Chebychev iterative method [Varga, 

-4 1962; McDonald, 1977] which normally converged to within 5 x 10 

Periodic boundary conditions were imposed in the y-direction with 

Neumann conditions along the x-direction (9/9x = 0).  These boundary 

conditions result in a realistic representation of plasma inflow-outflow 

in the wind direction (x). 

The principal diagnostics of these simulations were the time his- 

tory of real space conductivity E/E  = L,   potential cp, and associated 

spatial power spectra.  These power spectra were obtained by first 

Fourier transforming the real space cloud conductivity 6E(x,y)->-6E(k ,k ). 

The power spectral density | 6 E(k ,k ) |'" was then formed and one- 

dimensional power spectra P(k ) and P(k ) were computed where 



•/' 

P(k ) = / dk  | 6~ (k ,k )I2 

x   I  y '     x y ' 

and - (5> 
P(k ) = /dk  | 6? (k ,k )|2 

y    I  x       x y ' 

The power spectra P(k ) and P(k ) were then fitted with a three para- 
x       y 

meter (spectral stength P  , spectral index n , and outer scale wave- r °   o a a 

number k  ) power law of the form 
oct 

P(k ) = P  (l+(k /k  )2) na/2 (6) 
a    oa    a oa 

where a = x or y.  Two different methods were used to extract the best 

fit parameters P  , n , k  .  The first is a nonlinear least squares r o a  a'  o a ^ 

procedure which yields P  and n directly and then iterates to locate r J oa     a 

k  .  The second is a grid search technique through the three-dimensional 
oa 

space defined by P  , n , k  .  Each parameter is varied independently 
oa  a  oa 

to find the best least-squares fit.  Faster convergence was found using 

the first technique. 

Initially, the plasma cloud conductivity was taken to be of the 

form 

£(0,x,y) = [exp (-x/L)2 + 0.1](1 + e(x,y)) (7) 

where £ (x,v) has an rms value of YA,   and is generated from a randomly 

phased Gaussian power spectrum.  Three computer runs were made dis- 

tinguished hv different initial conductivitv scale lengths L = 3, fi, 10 km. 

In all cases, V = 10f) m/sec and the maximum integrated cloud ^ederson con- 
o 

ductivitv was approximately ln times larger than the integrated hackoround 



ionospheric Pedersen conductivity at the cloud level. 

Fig. la-d give representative time samples of the evolution of the 

real space isodensity conductivity contours for the intermediate case 

(L = 6 km).  Fig. la shows the initial conductivity profile while Fig. 

lb displays the cloud structure at t = 260 sec where backside steepening 

has occurred with jetting to the frontside.  At t = 560 sec, elongation 

and striation are evident with bifurcation of the larger fingers already 

begun.  Further elongation and bifurcation are seen in Fig. Id (t = 

900 sec).  Similar shapes and morphologies are seen in the other two 

cases (L = 3, 10 km) but on different time scales. 

Fig. 2 gives representative one-dimensional power spectra both 

parallel (x) and perpendicular (y) to the plasma cloud drift for the 

case L = 6 km and illustrates the outer scale turnover seen in the per- 

pendicular (y) direction in all three runs (L = 3, 6, 10 km).  These 

results are consistent with in situ experimental measurements [Baker 

and Ulwick, 1978; Kelley et al., 1979] made during recent DNA STRESS 

experiments.  It should also be noted that in the two level numerical 

simulation of Scannapieco et al., [1976], where L = 8 km, a turnover in 

the power spectrum, in the direction perpendicular to E KB,  was also 

observed. 

The time histories of the best-fit spectral indices n and n both 
x     y 

in the parallel (x) and perpendicular (y) directions for L = 10 km are 

displayed in Fig. 3.  After initial transients, the spectral index n 



in the wind direction is approximately 2 while in the transverse direc- 

tion n =" 2-2.5.  These spectral indices are also noted in the other 
y 

two cases (L = 3, 6 km) and are in agreement both with experiment n °" 

2 5 Baker and Ulwick, 1978) and previous numerical simulations at L = 

8 km where n , n =** 2-2.5 [Scannapieco et al., 1976]. 
x  y         c      J 

In order to quantify further the outer scale size in the direction 

perpendicular (y) to the drifting cloud we have plotted in Fig. 4 the 

time evolution of k  L/2n for the three cases studied (L = 3, 6, 10 
oy '  ' 

km).  After an initial transient period in each case the perpendicular 

outer scale size 2n/k  becomes steady and approximates the initial 

parallel conductivity gradient scale length L.  This "freezing" of the 

outer scale size or suspension of further bifurcation was also noted in 

recent NASA sponsored barium releases in Alaska [J. Fedder, private 

communication, 1979J.  In addition, the magnitudes of the outer scale 

sizes computed in these simulations are in agreement with the outer 

scales derived from preliminary analyses of DNA conducted barium cloud 

experiments over Florida [M. C. Kelley, private communication, 1979]. 

It should be noted that the linear theory of the F.XJ} gradient-drift 

instability in plasma clouds cannot explain the scaling of the perpen- 

dicular outer scale size 2TT/k  with the parallel initial gradient scale 

length L for two reasons.  First, this scaling was gleaned from the 

well-developed striated nonlinear regime where linear theory is not 

applicable.  Second, linear theory does not predict an outer scale turn- 

over in the perpendicular direction since there is no linear damping 

(diffusion) in this model. 



SUMMARY 

We have numerically solved the one level, two-dimensional fluid 

equations which model striation development in large F region iono- 

spheric barium clouds.  In the nonlinear well-striated regime, evidence 

is presented for an outer scale size in the perpendicular (y) direction 

to theExB drift (x) of large clouds in which the initial Pedersen con- 

ductivity varies only along its drift (x).  For three initial cloud 

Pedersen conductivity gradient scale lengths L =3, 6, 10 km the per- 

pendicular outer scale size 2n/k  becomes steady with magnitude such 

that k L/2TT ~ 1.  In addition, these simulations show that the one- 
oy 

dimensional parallel (x) power spectra * k  x with n ^2 for 2n/k 

between 1 and 80 km while the perpendicular (y) power spectra 

<*•  k  y with n °" 2-2.5 for 2rr/k between VL and vLOkm. These results y y y 

are consistent with recent experimental [Baker and Ulwick, 1978; Kelley 

et al., 1979] and theoretical studies [Scannapieco et al., 1976; 

Chaturvedi and Ossakow, 1979] of plasma cloud striations. 

Future studies are planned which include variation of initial and 

boundary conditions, addition of inertial effects and coupling to other 

ionospheric levels so that a parametric determination of the outer scale 

size of ionospheric plasma clouds can be achieved.  Also, the numerical 

simulations will be run to later times. 
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DEPARTMENT OF ELECTRICAL ENGINEERING 
URBANA, IL  61805 

01CY  ATTN K. YEH 

ILLINOIS, UNIVERSITY OF 
107 COBLE HALL 
801 S. WRIGHT STREET 
URBANA, IL  60680 

CALL CORRES ATTN SECURITY SUPERVISOR FOR) 
01CY  ATTN K. YEH 

M.l.T. LINCOLN LABORATORY 
P. 0. BOX 75 
LEXINGTON, MA 02175 

01CY  ATTN DAVID M. TOWLE 
01CY  ATTN P. WALDRON 
01CY  ATTN L. LOUGHLIN 
01CY  ATTN D. CLARK 

MARTIN MARIETTA CORP 
ORLANDO DIVISION 
P. 0. BOX 5857 
ORLANDO, FL  52805 

01CY ATTN R. rlEFFNER 

MCDONNELL DOUGLAS CORPORATION 
5501 BOLSA AVENUE 
HUNT1NGT0N BEACH, CA 926^7 

01CY  ATTN N. HARRIS 
01CY  ATTN J. MOULE 
01CY  ATTN GEORGE MROZ 
01CY  ATTN W. OLSON 
01CY  ATTN R. W. HALPRIN 
01CY  ATTN TECHNICAL LIBRARY SERVICES 

INSTITUTE FOR DEFENSE ANALYSES 
l»00 ARMY-NAVY DRIVE 
ARLINGTON, VA  22202 

01CY  ATTN J. M. AE1N 
01CT  ATTN ERNEST BAUER 
01CY ATTN HANS WOLFHARD 
01CY ATTN JOEL BENGSTON 

HSS, INC. 
2 ALFRED CIRCLE 
BEDFORD, MA 017 50 

01CY  ATTN DONALD HANSEN 

INTL TEL ( TELEGRAPH CORPORATION 
500 WASHINGTON AVENUE 
NUTLEY, NJ  07110 

01CY  ATTN TECHNICAL LIBRARY 

JAYCOR 
U01   CAMINO  DEL MAR 

DEL MAR,   CA    9201"t 
01CY  ATTN S. R. GOLDMAN 

MISSION RESEARCH CORPORATION 
7 55 STATE STREET 
SANTA BARBARA, CA  95101 

01CY  ATTN P. FISCHER 
01CY  ATTN W. F. CREVIER 
01CY  ATTN STEVEN L. GUTSCHE 
01CY ATTN D. SAPPENFIELD 
01CY  ATTN R. BOGUSCH 
01CY  ATTN R. HENORICK 
01CY  ATTN RALPH KILB 
01CY  ATTN DAVE SOWLE 
01CY  ATTN F. FAJEN 
01CY  ATTN M. SCHEI8E 
01CY  ATTN CONRAD L. LONGM1RE 
01CY  ATTN WARREN A. SCHLUETER 

MITRE CORPORATION, THE 
P. 0. BOX 208 
BEDFORD, MA 01750 

01CY  ATTN JOHN MORGANSTERN 
01CY  ATTN G. HARDING 
01CY  ATTN C. E. CALLAHAN 

JOHNS HOPKINS UNIVERSITY 
APPLIED PHYSICS LABORATORY 

JOHNS HOPKINS ROAD 
LAUREL, MO  20810 

01CY  ATTN DOCUMENT LIBRARIAN 
01CY  ATTN THOMAS POTEMRA 
01CY  ATTN JOHN DASSOULAS 

LOCKHEED MISSILES I  SPACE CO INC 
P. O. RO* snu 
SUNNYVALE, CA 9W88 

01CY  ATTN DEPT 60-12 
01CY  ATTN D. R. CHURCHILL 

LOCKHEED MISSILES AND SPACE CO INC 
5251 HANOVER STREET 
PALO ALTO, CA  91»30't 

01CY  ATTN MARTIN WALT DEPT 52-10 
01CY  ATTN RICHARD i. JOHNSON DEPT 52-12 
01CY  ATTN W. L. IMHOF DEPT 52-12 

MITRE CORP 
WESTGATE RESEARCH PARK 
1820 DOLLY MADISON BLVO 
MCLEAN, VA  22101 

01CY  ATTN W. HALL 
01CY ATTN W. FOSTER 

PACIFIC-SIERRA RESEARCH CORP 
1<*56 CLOVERFIELD BLVD. 
SANTA MONICA, CA 90'tO'* 

01CY ATTN E. C. FIELD JR 

PENNSYLVANIA STATE UNIVERSITY 
IONOSPHERE RESEARCH LAB 
318 ELECTRICAL ENGINEERING EAST 
UNIVERSITY PARK, PA  16802 

(NO CLASSIFIED TO THIS ADDRESS) 
01CY  ATTN IONOSPHERIC RESEARCH LA8 
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PMOTOMETRICS, INC. 
M»2 MARRETT ROAD 
LEXINGTON!, MA  02173 

01CY  ATTN IRVING L. <OF5KY 

PHYSICAL DYNAMICS INC. 
P. 0. SCX 3027 
3ELLEVUE, WA 93009 

01CY  ATTN E. J. F*EM0"jW 

SCIENCE APPLICATIONS, INCORPORATED 
d400 KESTPARs DRIVE 
MCLEAN, VA  22101 

01CY  ATTN J. COCKAYNE 

SCIENCE APPLICATIONS, INC. 
80 MISSION DRIVE 
PLEASANTON, CA  9"»566 

01CY  ATTN SZ 

PHYSICAL DYNAMICS INC. 
P. O. SOX 1069 
SeRKELEY, CA 9I*701 

01CY  ATTN A. THOMPSON 

R S 0 ASSOCIATES 
P. 0. BOX 9695 
MARINA DEL REY, CA 90291 

01CY  ATTN FORREST GILMORE 
01CY  ATTN BRYAN GABBARD 
01CY  ATTN WILLIAM 3. BRIGHT JR 
01CY ATTN ROBERT'F. LELEVIER 
01CY  ATTN WILLIAM J. KARZAS 
01CY  ATTN M. ORY 
01CY  ATTN C. MACDONALD 
01CY ATTN R. TURCO 

RAND CORPORATION, THE 
1700 MAIN STREET 
SANTA MONICA, CA  90<t06 

01CY  ATTN CULLEN CRAIN 
01CY  ATTN ED BEDROZIAN 

RIVERSIDE RESEARCH INSTITUTE 
80 WEST END AVENUE 
NEW YORK, NY  10023 

01CY  ATTN VINCE TRAPANI 

INC. SCIENCE APPLICATIONS, 
P. 0. BOX 2351 
LA JOLLA, CA  92038 

01CY  ATTN LEWIS M. LINSON 
01CY  ATTN DANIEL A. HAMLIN 
01CY  ATTN D. SACHS 
01CY  ATTN E. A. STRAKER 
01CY  ATTN CURTIS A. SMITH 
01CY  ATTN JACK MCDOUGALL 

RAYTHEON CO. 
528 BOSTON POST ROAD 
SUD3URY, MA 01776 

01CY  ATTN BARBARA ADAMS 

SCIENCE APPLICATIONS, INC. 
HUNTSVILLE DIVISION 
2109 W. CLINTON AVENUE 
SUITE 700 
HUNTSVILLE, AL 35805 

01CY  ATTN DALE H. DIVIS 

SRI INTERNATIONAL 
333 RAVENS«OOD AVENUE 
MENLO PARK, CA  9<»025 

01CY  ATTN DONALD NEILSON 
01CY  ATTN ALAN BURNS 
01CY  ATTN G. SMITH 
01CY  ATTN L. L. COBB 
01CY. ATTN DAVID A. JOHNSON 
01CY  ATTN WALTER G. ChESNUT 
01CY  ATTN CHARLES L. RINO 
01CY  ATTN WALTER JAYE 
01CY  ATTN M. BARON 
01CY  ATTN RAY L. LEADABRAND 
01CY ATTN G. CARPENTER 
01CY  ATTN G. PRICE 
01CY ATTN J. PETERSON 
01CY  ATTN R. HAKE, JR. 

01CY  ATTN V. GONZALES 
01CY ATTN D. MCDANIEL 

TECHNOLOGY INTERNATIONAL CORP 
75 WIGGINS AVENUE 
BEDFORD, MA  01730 

01CY  ATTN W. P. BOQUIST 

TRW DEFENSE i  SPACE SYS GROUP 
ONE SPACE PARK 
REDONDO BEACH, CA 90278 

01CY ATTN R. K. PLEBUCH 
01CY ATTN S. ALTSCHULER 
01CY  ATTN D. DEE 

VISIDYNE, INC. 
19 THIRD AVENUE 
NORTH WEST INDUSTRIAL PARK 
BURLINGTON, MA  01803 

01CY  ATTN CHARLES HUMPHREY 
01CY  ATTN J. W. CARPENTER 
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